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            Abstract
Metal halide perovskites are attracting a lot of attention as next-generation light-emitting materials owing to their excellent emission properties, with narrow band emission1,2,3,4. However, perovskite light-emitting diodes (PeLEDs), irrespective of their material type (polycrystals or nanocrystals), have not realized high luminance, high efficiency and long lifetime simultaneously, as they are influenced by intrinsic limitations related to the trade-off of properties between charge transport and confinement in each type of perovskite material5,6,7,8. Here, we report an ultra-bright, efficient and stable PeLED made of core/shell perovskite nanocrystals with a size of approximately 10â€‰nm, obtained using a simple in situ reaction of benzylphosphonic acid (BPA) additive with three-dimensional (3D) polycrystalline perovskite films, without separate synthesis processes. During the reaction, large 3D crystals are split into nanocrystals and the BPA surrounds the nanocrystals, achieving strong carrier confinement. The BPA shell passivates the undercoordinated lead atoms by forming covalent bonds, and thereby greatly reduces the trap density while maintaining good charge-transport properties for the 3D perovskites. We demonstrate simultaneously efficient, bright and stable PeLEDs that have a maximum brightness of approximately 470,000â€‰cdâ€‰mâˆ’2, maximum external quantum efficiency of 28.9% (averageâ€‰=â€‰25.2â€‰Â±â€‰1.6% over 40 devices), maximum current efficiency of 151â€‰cdâ€‰Aâˆ’1 and half-lifetime of 520â€‰h at 1,000â€‰cdâ€‰mâˆ’2 (estimated half-lifetime >30,000â€‰h at 100â€‰cdâ€‰mâˆ’2). Our work sheds light on the possibility that PeLEDs can be commercialized in the future display industry.
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                    Fig. 1: Emergence of in situÂ core/shell perovskite with BPA treatment.[image: ]


Fig. 2: Surface passivation of BPA ligand.[image: ]


Fig. 3: Luminescent property and defect passivation with BPA treatment.[image: ]


Fig. 4: EL characteristics of PeLEDs with BPA treatment.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Morphology of in situÂ particle perovskite thin films.
SEM images of perovskite thin films made of 1.2M precursor solution with a, 0% (3D), b, 2.5%, c, 5%, d, 10% (in situÂ particle) molar ratio of BPA molecule relative to PbBr2. e, HAADF-STEM image and EDS elemental maps of P (green), Br (yellow), and Pb (red), respectively. f, HAADF-STEM image and EDS elemental maps of a single perovskite grain showing the uniform dispersion of P (green), Br (yellow), and Pb (red) on the grain.


Extended Data Fig. 2 Morphological characterization duringÂ in situ core/shell particle synthesis process.
a, SEM image of a perovskite thin film (after 1s of reaction time with BPA-THF solution) showing small grains cracked out from large 3D grain. b, STEM image of 50â€‰nm-size perovskite crystal during in situÂ core/shell synthesis process. Yellow arrows indicate the defective perovskite surfaces that can be bound with BPA. c, HR-TEM image of another perovskite crystal showing ultra-small nanocrystals segregated during in situÂ core/shell synthesis process. Insets: Magnified HR-TEM images of ultra-small nanocrystals taken from the white-boxed regions labelled C1 and C2. d, e,Â High-resolution HAADF-STEM images of single perovskite nanograins with decreasing grain size. Magnified HAADF-STEM images of the grain surfaces (D1, D2, E1, E2, F1, F2, G1, G2) demonstrate that the BPA shell coverages on the grain surfaces gradually increase and the defective surface regions decrease as the grain size decreases.


Extended Data Fig. 3 Characterization of perovskite/BPA core/shell interface.
a, High-resolution HAADF-STEM image of single perovskite grain formed during in situÂ core/shell synthesis process. b, c, Atomic-scale HAADF-STEM (b) and ABF-STEM (c) images of the boxed area denoted in a. d,e, Magnified HAADF-STEM (d) and ABF-STEM (e) images of the boxed area shown in b and c to indicate the positions of EELS acquisition. f, EEL spectra acquired at the atomic positions labelled A, B, and C in d, e. g, EEL spectrum in the energy-loss range of the N-K and O-K edges acquired at the position labelled C. The O-K peak indicates the presence of BPA shells, but N-K peak is simply a background signal from the silicon nitride TEM window grid.


Extended Data Fig. 4 SEM image of low-concentration (0.6â€‰M) perovskite thin films with different reaction time between BPA solution and perovskite thin film.
a, 3D perovskites without reaction, b, 1â€‰s, c, 15â€‰s, d, 30â€‰s of exposure time to BPA-THF solution before spin-drying. Coloured regions indicate initial large crystalsÂ (red) and splitÂ nanograinsÂ (green). e, Schematic illustration of the growth process of BPA macroparticle domain and perovskite crystal forming in situÂ core/shell structure.


Extended Data Fig. 5 HAADF-STEM analysis ofÂ  in situÂ core/shell perovskites.
a, TEM image and b, c, magnified HAADF-STEM images of in situÂ core/shell perovskiteÂ thin films. d, HAADF-STEM image of in situÂ core/shell grains and EDS elemental maps of P (red), Pb (yellow), and Br (green), respectively. The EDS maps clearly show the uniform dispersion of P (red) over macrograins. e, HAADF-STEM image of single macrograins consists of Â in situÂ core/shell nanoparticles. f, EDS spectrum acquired at the location of the red circled region in e.


Extended Data Fig. 6 Photoluminescence characteristics of perovskite thin films.
a, PL spectra and b, normalized PL spectra of quartz/perovskite thin film measured in integrating sphere. c, External PLQE versus internal radiation efficiency (Î·rad) (i.e. internal quantum efficiency, IQE) of perovskite film calculated considering the influence of perovskite reabsorption30,31. The external PLQE of theÂ in situÂ core/shell structure was 46%, which corresponds to anÂ IQE of 88%. dâ€“i,Â Temperature-dependent PL spectrum and corresponding integrated PL intensity with calculated activation energy for: d,g, 3D, e,h, in situÂ particle, f,i, in situÂ core-shell perovskite thin films.


Extended Data Fig. 7 Current-voltage-luminance characteristics of PeLEDs.
a, Current density versus voltage; b, luminance versus current density; c, normalized EL spectra; d, CIE coordinate of in situÂ core/shell PeLEDs; e, power efficiency versus luminance; f, current efficiency versus luminance of PeLEDs based on 3D, in situÂ particle, in situÂ core/shell structure. g, Angle-dependent EL intensity and h, luminance histogram of PeLEDs based on in situÂ core/shell structure. i, EQE histogram of the PeLEDs based on in situÂ core/shell structure with different processing condition. As the temperature of the glove box increases or the A-NCP process is delayed, the grain size of the spin-coated perovskite thin film increases, which slows the penetration of the BPA solution into perovskite crystal and prevents full conversion of them into the in situÂ core/shell structure.


Extended Data Fig. 8 Large-area devices.
a, Luminance versus voltage; b, EQE versus current density of large-area devices based on in situÂ core/shell perovskites. câ€“f,Â Photographs of large-area devices (pixel size: 120â€‰mm2) operating at: c,â€‰<â€‰10 cd mâˆ’2; d, 1,000 cd mâˆ’2; e, 100,000 cd mâˆ’2; and f, 100,000 cd mâˆ’2 under daylight, showing uniform emission over the pixel.


Extended Data Fig. 9 Operational lifetime of PeLEDs.
a, Luminance versus time of PeLEDs based on 3D, in situÂ particle, and in situÂ core/shell perovskites at initial brightness of 10,000 cd mâˆ’2,Â and b, corresponding driving voltage versus operation time.


Extended Data Table 1 Summarized electrical and luminance characteristics of PeLEDsFull size table





Supplementary information
Supplementary Information
Supplementary Figs. 1â€“7, Tables 1â€“3 and refs.





Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kim, J.S., Heo, JM., Park, GS. et al. Ultra-bright, efficient and stable perovskite light-emitting diodes.
                    Nature 611, 688â€“694 (2022). https://doi.org/10.1038/s41586-022-05304-w
Download citation
	Received: 19 August 2021

	Accepted: 01 September 2022

	Published: 09 November 2022

	Issue Date: 24 November 2022

	DOI: https://doi.org/10.1038/s41586-022-05304-w


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        How to improve the structural stabilities of halide perovskite quantum dots: review of various strategies to enhance the structural stabilities of halide perovskite quantum dots
                                    
                                

                            
                                
                                    	Dokyum Kim
	Taesun Yun
	Chang-Lyoul Lee


                                
                                Nano Convergence (2024)

                            
	
                            
                                
                                    
                                        Single-photon superradiance in individual caesium lead halide quantum dots
                                    
                                

                            
                                
                                    	Chenglian Zhu
	Simon C. Boehme
	Gabriele RainÃ²


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Anisotropic carrier dynamics and laser-fabricated luminescent patterns on oriented single-crystal perovskite wafers
                                    
                                

                            
                                
                                    	Chao Ge
	Yachao Li
	Yang Liu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Vapour-deposited perovskite light-emitting diodes
                                    
                                

                            
                                
                                    	Jiajun Luo
	Jinghui Li
	Jiang Tang


                                
                                Nature Reviews Materials (2024)

                            
	
                            
                                
                                    
                                        Electrically assisted amplified spontaneous emission in perovskite light-emitting diodes
                                    
                                

                            
                                
                                    	Karim Elkhouly
	Iakov Goldberg
	Paul Heremans


                                
                                Nature Photonics (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Nobel Prize in Chemistry 2023
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Bright, efficient and stable LEDs made using nanocrystals of perovskite material
                

                
                
    
        
            Nature
        
        Research Briefing
        
        
            09 Nov 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
